The development of three-stream variable cycle turbofan engines provides an opportunity for noise reduction by optimizing the exhaust conditions of the secondary and tertiary streams. This includes adjustment of the velocity ratios and, more importantly, reshaping of the nozzle. The paper reviews an experimental study of subscale three-stream nozzles, rapid-prototyped with high accuracy and operating at high specific thrust. Far-field noise surveys were collected using a 24-microphone array. For low-bypass configurations, applicable to supersonic aircraft, a coaxial configuration offers no significant noise benefit compared to the single-stream exhaust. Configurations with offset secondary or tertiary streams offer significant noise reduction in the direction of the thicker flow. For bypass ratio around 0.5, reductions of 5.1 dB in overall sound pressure level and 4.2 dB in effective perceived noise level were attained.
I. Introduction
The operational envelope of supersonic aircraft favors the use of low bypass ratio propulsion systems. The resulting community noise levels can be very high and exceed federal and local regulations, especially during takeoff. At high power settings the main source of noise is mixing noise from large-scale turbulent structures, which causes Mach wave emission. The problem of supersonic jet noise suppression has resulted in large-scale research efforts and vast contributions in the literature. Here we mention selected works in the area of multi-stream jets. The study of coaxial high-speed jets started in the 1970s 1 and has continued to be an area of active investigation [2] [3] [4] . Of particular interest in this study is the ability of a secondary flow to suppress Mach wave emission from a faster primary flow 5 . The presence of three exhaust streams in some of the more advanced engine cycles 6 opens up intriguing possibilities of noise reduction by tailoring the initial velocity profile of the jet. Initial experiments at NASA Glenn Research Center on three-stream nozzles noted a modest benefit of the tertiary stream under certain conditions 7 . Past experience with the "Mach wave elimination" method has shown that it is not particularly effective in a lowbypass coaxial exhaust 5 , but can bring significant noise reduction in an offset-stream arrangement 8, 9 . By extension, one may expect similar improvements if one or both outer streams in a three-stream nozzle are offset. This motivated a parametric study of coaxial and non-coaxial three-stream nozzles at conditions representative of lowbypass, high-performance jet engines. The results are primarily relevant to noise suppression for tactical military aircraft but may also relate to the development of supersonic business jets. The paper reviews the selection of engine cycles simulated experimentally, the three-stream nozzle designs, and the far-field acoustic results.
II. Conceptual Design of Nozzle
The objective of the nozzle design process was to generate models that would enable rapid and accurate testing of a variety of nozzles having characteristics compatible with the cycles of high-performance jet engines. The nozzles would need to fit the capacity and capability of the UCI Jet Aeroacoustics Facility depicted in Fig. 1 . This is a dualstream jet facility that delivers helium-air mixtures to the primary (core) and secondary (fan) flows of the nozzle. Helium-air mixtures simulate accurately the acoustics and fluid mechanics of hot jets 1, 2 . To accommodate a third stream, the supply of the third stream is the same as that of the second stream with a pressure drop device to independently control the total pressure. The resulting conceptual nozzle design is shown in Fig. 2 . The pressure drop for the tertiary stream is enabled by a perforated plate mounted at the entrance of the tertiary nozzle. The nozzle incorporates a fixed base section and removable attachment parts that include the variable-geometry portions of the nozzle. This approach was inspired by the nozzle arrangement used in a recent parametric study of noise reduction in dual stream turbofan nozzles using fan flow deflectors 3 .
24 B&K-4138 Microphones The sub-millimeter tolerance requirements for the nozzle exit motivated a design where all the nozzle components are built in one piece, using the highest-resolution rapid prototyping available. The design comprises a fixed base on which a variety of nozzle attachments can be mounted, as illustrated in Fig. 2 . When the attachment is secured to the base, the primary nozzle is supplied by an independently regulated helium-air mixture. An O-ring fitting prevents leakage to the outer two streams. The secondary and tertiary streams are fed by a second helium-air mixture. The supply is bisected in the attachment section with a perforated screen placed at the entrance of tertiary reservoir to control the tertiary total pressure, which is always lower than the secondary total pressure. The details of the nozzle design are reviewed in Section III. American Institute of Aeronautics and Astronautics 2
II. Engine Cycles Simulated
The cycle model is based on classic treatments in thermodynamic textbooks 10 combined with additional information published in recent literature [11] [12] [13] , including the cooling of the high-pressure turbine with air bled by the compressor. Predictions of the model have agreed fairly well with published data on the performance of existing dual-stream engines. Figure 3 shows the principal elements of the three-stream gas turbine engine.
The engine parameters were calibrated to give exhaust conditions that reasonably represent a modern highperformance, low-bypass engine. This resulted in a turbine rotor inlet temperature RIT = 2100 o K, an overall pressure ratio OPR = 50, and turbine cooling using 22.5% of the core mass flow extracted at the exit of the compressor. Power extraction from the turbine to run auxiliary system was set at 2%. These parameters were fixed in the engine cycle analysis. Parametric studies of the engine cycle were done at fixed secondary bypass ratio (BPR s =0.289) and fixed overall fan pressure ratio (FPR=4.78). The tertiary bypass ratio (BPR t ) and the tertiary fan pressure ratio (FPR t , extracted from the overall fan pressure ratio) were variable. Table 1 summarizes the fixed and variable parameters of the engine cycle analysis. The variation of key engine parameters and exhaust conditions are examined in the form of contour plots versus the variables FPR t and BPR t . Figure 4 plots the tertiary-to-primary exit area ratio (A t /A p ), specific thrust, and thrust specific fuel consumption. The location of four cycle points of this report (A,B,C,D) are marked. Cycles A, B, and C are on a constant specific-thrust line and increasing FPR t . Cycle D is a higher-BPR t , lower-FPR t set point. In terms of noise reduction, particularly with offset-stream configurations, the area ratio A t /A p is perhaps the most crucial parameter. Cycle D has A t /A p =0. 4 The use of helium-air mixtures enables exact matching of the exit velocity and Mach number, with slight deviations in the density ratio 13 . The total temperatures (T 0 ) and nozzle temperature ratios (NTR= T 0 /T ∞ , where T ∞ is the ambient static temperature) used in this report refer to equivalent temperatures, simulated using the helium-air mixtures. Equivalent temperature is defined here the temperature of a hot jet that produces the same velocity as the helium-air mixture jet, at the Mach number of the helium-air mixture jet. Because the helium-air mixture has a higher specific heat ratio  higher than air, the NPR for a particular Mach number is slightly different from that for air.
A constraint in the nozzle design of Fig.1 was the common supply for the secondary and tertiary streams. Adjustment (reduction) in the total pressure of the tertiary stream was enabled by a restriction in the form of a perforated plate at the entrance of the tertiary nozzle. Consequently the total temperature of the tertiary stream was controlled by that of the secondary stream. This relation is an exact equality for the actual total temperatures and an approximate equality (T 0t ≈ T 0s ) for equivalent total temperatures, using helium-air mixtures, because of effects of the variable The ramification of this aspect of the design (the total temperature of the tertiary stream being set by that of the secondary stream) is that one cannot match both the velocity and the Mach number of the tertiary stream. The selection here was to match the velocity as it is more pertinent to acoustics. Because the tertiary stream was "warmer" than its nominal cycle condition, it was run at a lower NPR (lower Mach number) than the cycle point in order to match the velocity. In summary, the nozzle setup enabled the following simulation of the cycle conditions:
 The velocity and Mach number of the primary stream were both matched.  The velocity and Mach number of the secondary stream were both matched.  The velocity of the tertiary stream was matched. The tertiary Mach number was slightly lower than the cycle point. This resulted in a moderately lower tertiary bypass ratio and nozzle pressure ratio compared to the actual cycle point. Table 2 shows the conditions simulated experimentally for the four cycle points of Fig. 4 . 
III. Detailed Nozzle Design and Fabrication

A. Scaling
The subscale nozzle was designed to be compatible with existing flow rate capabilities of the UC Irvine aeroacoustic facility. Since the majority of mass flow is needed to supply the primary flow, the primary exit diameter was the driving dimension for the scaling process. Based on past experiments with supersonic helium-air mixtures, an exit diameter of 18.28 mm (0.72 in) was deemed appropriate 3 . The lip thickness of the nozzle was limited by the manufacturing process and the resulting structural integrity of the nozzle walls. These constraints led to a thickness of 0.203 mm (0.008 in).
B. Nozzle Contours
The expansion part of the primary duct was designed using the method of characteristics (MOC) for uniform exit flow and included the effect of the displacement thickness of the boundary layer 15 . Upstream of the throat, the contour in the subsonic region was defined by a 5 th -order polynomial that provided the desired fit between in inlet and throat sections. Given the very small dimensions of the secondary duct, an MOC method was deemed unnecessary and the entire contour was defined by 5 th -order polynomials that provided the correct exit-to-throat area ratio. The tertiary nozzle, entirely subsonic, was also defined by 5 th -order polynomials. All of the ducts terminated with zero slope. The secondary and tertiary nozzles had large contraction ratios. The inlet flow was thus very-low subsonic, allowing the placement of support struts without disturbing the exit flow.
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C. CAD Modeling
The coordinates of the nozzles were imported into Solidworks (Dassault Systemes) and integrated into a CAD model with fixed portions that comprise the interface with the base section and internal support struts. The CAD models of the base and attachment sections are shown in Fig. 5 . Figure 6 shows a cross-sectional view. The overall length of the assembly was 114.3 mm and the maximum diameter at the base is 95.0 mm. The interface between the base and the attachment utilized a notch and key style locking mechanism. The nozzle was secured in place by rotating the attachment piece with respect to the base. An O-ring situated in a groove on the base section ensured a leak-free internal flow path.
D. Control of Tertiary Stream
The pressure drop for the tertiary stream was controlled using two back-to-back perforated rings. The hole pattern on each ring allowed precise flow control by clocking the rings, as illustrated in Fig. 7 . The rings were interlocking and the combination of the two rings sat firmly at the entrance of the tertiary nozzle. 
E. Total Pressure Measurement
While measurement of the primary total pressure was straight-forward, measurement of the secondary and tertiary total pressures was non-trivial given the split described in Fig.2 and the overall complexity of the nozzle. Inserting Pitot tubes into the secondary and tertiary streams was deemed impractical. Instead, the total pressure measurement was integrated into the design of the nozzle. Just downstream of the base-attachment joint (Fig. 6) are six large support struts staggered in the axial direction. The perforated surface at the entrance of the tertiary nozzle is supported by three upstream struts. The three downstream struts are an ideal location for the Pitot pressure measurements since they provide a natural bridge to the internal ducting of the attachment piece. A 0.75-mm diameter channel was introduced in two of these struts; one to measure the secondary total pressure and the other to measure the tertiary total pressure. The channels begin at the outer surface of the attachment and follow an L-shaped path through the struts exiting facing upstream in their respective nozzle. The cross-sectional image of Fig. 6 illustrates the secondary Pitot port.
F. Nozzle Fabrication
The accuracy necessary in dealing with the small dimensions for this project required the state of the art in rapid prototyping technology. The base and attachment pieces were generated using an ultra fine resolution stereolithography method with build layers of 0.05 mm (FineLine Prototyping, Inc.) The material used was Accura 60 (3D Systems) with tensile and flexural strength in excess of 60 MPa. Figure 8 shows photographs of the completed parts. Figure 9 shows the exit detail of one of the nozzles; the intricacy and accuracy of the manufacturing is evident.
G. Nozzles of this Study
The specifications of the nozzles covered in this report are listed in Table 3 . Figures 10 and 11 show the exit shapes for the coaxial and non-coaxial nozzles, respectively. Coaxial configurations were tested at all four cycle points. Nozzles with eccentric circular tertiary duct were tested for cycles A, C, and D. Two additional geometries were tested for cycle D. One had an ellipsoidal eccentric tertiary duct, designed to give uniform annulus thickness over azimuthal angles -60 o ≤ ≤60 o ; the annulus thickness distribution for this nozzle is compared to that of the round eccentric nozzle in Fig. 12 . The other nozzle for cycle D had the eccentric ellipsoidal tertiary duct in combination with an eccentric round secondary duct. 
IV. Aeroacoustic Testing
Noise measurements were performed in the aeroacoustic facility shown in . The 24 outputs of the amplifiers were sampled simultaneously, at 250 kHz per channel, by three 8-channel multi-function data acquisition boards (National Instruments PCI-6143) installed in a Dell Precision T7400 computer with a Xeon quad-core processor. National Instruments LabView software was used to acquire the signals. The temperature and humidity inside the anechoic chamber were recorded to enable computation of the atmospheric absorption. The microphone signals were conditioned with a high-pass filter set at 300 Hz. Narrowband spectra were computed using a 4096-point Fast Fourier Transform yielding a frequency resolution (f = 61 Hz). The spectra were corrected for microphone actuator response, microphone free field response and atmospheric absorption. Integration of the corrected spectra gives the overall sound pressure level (OASPL). 
V. Results
The acoustic results are divided in two parts. The first part compares the jet with primary flow alone to the threestream coaxial jet. The purpose of this comparison is to examine the effects of the secondary and tertiary flows, arranged symmetrically, on the acoustic emission. The second part compares the acoustic emission of coaxial and non-coaxial three-stream jets. The comparisons will be provided in terms of an "acoustic summary" comprising the following metrics (see Fig. 14 , for example): narrowband SPL spectra in the direction of peak emission and at large polar angle; OASPL versus polar angle; and PNL versus flyover time. For asymmetric nozzles, these quantities will be provided in the downward (=0 o ) and sideline (=60 o ) azimuthal directions.
A. Three-Stream Coaxial Jet versus Primary Jet Alone
To assess the potential of Mach wave suppression due to the operating conditions alone, we compare the coaxial three-stream jet with the jet comprising the primary flow alone. Figures 14-17 display the relevant acoustic summaries for cycles A through D. For cycles A, B, and C there are small increases in spectral levels and OASPL at angles lower than the angle of peak emission, followed by no change or a very slight decrease for the larger angles. The overall levels (OASPL, EPNL) increase by about 1 dB. This is on the same order as the noise increase due to the thrust increase associated with the introduction of the secondary and tertiary streams. We conclude that, for cycles A-C, there is no evidence of noise attenuation by the secondary and tertiary flows. This is due to the very small thicknesses of the secondary and tertiary flows. For cycle D, which has a thicker tertiary flow, we note very slight increases at the small angles followed by moderate reductions at the large angles. The OASPL and EPNL do not change significantly. On a constant-thrust basis, this flow is ~ 1 dB quieter. So there is some evidence here of noise suppression due to the reduced shear by the secondary and, particularly, the tertiary streams.
B. Three-Stream Non-Coaxial versus Coaxial Jet.
Figures 18-23 compare three-stream coaxial jets with three-stream jets having eccentric tertiary duct for cycles A, C, and D. The comparisons now include the downward and sideline azimuthal directions. For cycles A and C, offsetting the tertiary duct causes appreciable reductions in the peak spectral levels in the downward direction, with associated decreases in peak OASPL and EPNL of around 1.5 dB. The sideline direction experience a modest increase (cycle A) or no change (cycle C). Doubling the tertiary area, cycle D, leads to significant improvements in the downward noise reduction (Fig.22) . The EPNL and peak OASPL both decline by ~3 dB. Noise in the sideline direction is practically unchanged.
The special nozzles DEX and DEX2 are now reviewed (Figs. 24-27 ). Figure 24 shows that nozzle DEX, with ellipsoidal-eccentric tertiary duct, achieves roughly the same downward reduction as its circular-eccentric counterpart (nozzle DE). The sideline noise shows a modest improvement over nozzle DE (compare Figs. 23 and  25 ). This indicates that the approach of increasing the sideline thickness of the tertiary annulus has a benefit on sideline noise, albeit small in this design. In nozzle DEX2 the ellipsoidal-eccentric tertiary duct is combined with an eccentric secondary duct, both eccentricities being directed downward. The combination of the two eccentric ducts offers significant improvements in noise reduction, the EPNL and peak OASPL reducing by 4.2 dB and 5.1 dB, respectively, in the downward reduction. This combination also has a distinct benefit in the sideline reduction of 0.9 dB in EPNL and 1.0 dB in peak OASPL. 
V. Conclusions
The experiments of this study provided an assessment of noise reduction from three-stream, high-speed jets by conducting a parametric investigation of round-coaxial and asymmetric nozzles. Intricate subscale nozzles were designed and manufactured using advanced stereolithographic methods. Following are the principal findings.  For low-bypass-ratio coaxial jets with normal velocity profile, the conditions of the secondary and tertiary streams do not result in significant noise suppression. The annuli of the secondary and tertiary streams are too thin for these flows to penetrate far downstream in order to reduce the Mach wave source.  Offset nozzle arrangements offer a significant noise benefit in the direction of the thickened flow, even at moderately low bypass ratios. In jets with combined bypass ratio around 0.4, an eccentric tertiary stream resulted in noise suppression (over the coaxial configuration) of 1.5 dB in EPNL in the direction of the thickened flow. Increasing the combined bypass ratio to ~0.5 improved this figure to ~3 dB. It is likely that further increases in the bypass ratio (more specifically, increases in the areas of the tertiary and secondary streams) will result in even larger reductions.  The best configuration of this report comprised an eccentric ellipsoidal tertiary duct combined with an eccentric secondary duct (nozzle DEX2). It provided EPNL reductions of up to 4.3 dB in the downward direction (direction of thickened flows) and 0.9 dB in the sideline direction. The success of the combined eccentricities in the tertiary and secondary ducts suggests that there is room for further noise reduction, at fixed bypass ratio, by optimal reshaping of these ducts. This concept may even extend to the primary duct. Optimization would be most effective using a combined experimental and computational effort.
